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AEROACOUSTIC PERFORMANCE OF A SCOOP INLET

John M. Abbott
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio

Abstract

Results of a low speed wind tunnel test program
are presented which demonstrate the aerodynamic and
acoustic performance of a scoop inlet. Engine
noise that would normally propagate toward the
ground is directed upward by the extended lower lip
of the scoop inlet. In addition, more of the scoop
airflow comes in from above the inlet than below,
leading to relatively higher surface velocities on
the upper lip and lower surface velocities on the
lower 1lip. These lower velocities on the lower 1lip
result in a higher attainable angle of attack before
internal flow separation occurs.

Introduction

Inlet radiated fan noise has traditionally
been reduced using one of two suppression tech-
niques: (1) surface acoustical treatment with or
without inlet duct splitters,l and (2) sonic or
high Mach inlets.2>3 Both of these methods, how-
ever, have certain disadvantages. For example,
significant noise reductions with surface acousti-
cal treatment may require considerable increases in
inlet length (for more treated area) with corre-
sponding increases in weight, total pressure loss,
and ultimately airplane operating cost. Inlet
splitters present additional performance losses and
are generally disliked by aircraft engine users.
The sonic inlet has its main disadvantage in the
fact that the complication of variable geometry is
required to provide sonic flow in the inlet throat
at both takeoff and approach engine flow settings.

A different approach to the problem of inlet
noise reduction is to not suppress the inlet radi-
ated noise but to change the directivity of the
propagating noise - direct upward the noise that
normally would be propagating toward the ground.
This redirection technique has been explored exten—
sively in regard to shielding engine rear noise
from the ground by use of an over-the-wing engine
installation with the upper surface of the aircraft
wing serving to direct the rear noise upward. In
a similar manner, an inlet with . portion of the
lower cowling extended forward, a scoop inlet, can
serve to direct upward any noise that would nor-—
mally propagate out of the front of the engine
toward the ground. In the case of a scoop inlet,
the noise redirection is due to a combination of an
upward reflection from the extended lower lip and
also an upward refraction due to the inflow velocity
gradients generated within the scoop inlet duct.
These mechanisms are illustrated in figure 1 where
a comparison is made of the flew fields and forward
noise propagation characteristics for a convention-
al inlet and for the scoop inlet. The scoop inlet
tends to draw in more of its ailrflow from above
than below (upper pair of sketches) resulting in
velocity gradients within the inlet duct that re-—
fract upward forward propagating noise (middle pair
of sketches). In addition, the extended lower lip
reflects upward noise that would propagate toward
the ground with a conventional inlet (lower pailr of
sketches). The aeroacoustic performance of such a
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scoop inlet is the subject of the experimental re-
sults reported here,

The potential advantage of the scoop inlet over
the sonic inlet is obvious - a variable geometry
system would not be required provided that the pas-
sive scoop inlet would work equally well acousti-
cally at takeoff and approach engine flow settings.
Compared with the treated inlet it is hoped that a
given amount of nolse reduction can be attained with
a shorter, lighter, and structurally simpler scoop
inlet. The asymmetric shape of the scoop inlet,
however, makes the aerodynamic design of the inlet
more difficult than for a conventional axisymmetric
design. This is particularly true for the cruise
condition where the external forebody of the inlet
needs to be designed to accommodate an asymmetric
flow spillage.

In addition to its potential acoustic benefits,
the scoop inlet flow field illustrated in figure 1
suggests a potential for reduced forelgn object in-
gestion into an aircraft engine. Whun an aircraft
is on the ground during takeoff and anproach, there
would be less of a tendency for sand, rocks, or
other particles on the runway to be ingested into
an engine with a scoop inlet due to the inlet air-
flow being drawn in more from above than below.
This reduction in foreign object ingestion would
lead to longer engine blade life and less of a time
degradation in engine blade aerodynamic performance
(improved fuel efficiency).

The purpose of the investigation described
here was to determine the low speed (takeoff and
approach) aerodynamic and directional acoustic per-
formance of a scoop inlet. The 30.48-centimeter
diffuser exit diameter scoop inlet was tested in
the Lewis Anechoic Wind Tunnel Facility along with
a baseline or conventional inlet. Data are pre—
sented for free stream velocities of 0, 18 (35
knots) and 41 meters per second (80 knots), angles
of attack from 0° to 90° and one-dimensional throat
Mach numbers of 0.3, 0.54, 0.63 (design), 0.70, and
0.75. In addition to presenting these experimental
results, a discussion of the scoop inlet cruise de-
sign problem is included. Analytical predictions
of the external flow field at cruise conditions ob—
tained with a two-dimensional potential f£low pro-
gram are presented.

Symbols
a ellipse semi-major axis of internal 1lip
b ellipse semi-minor axis of internal lip

D diameter

DMAX  inlet total pressure distortion parameter,
(maximum total pressure - minimum total
pressure)/ (average total pressure)

fe one-third-octave filter center irequency

£ siren blade passage frequency

o




L length

Mt one~dimensional throat Mach number

P total pressure

P static pressure

v velocity

o angle of attack, deg

B microphone orientation angle, deg

ASPL.  sound pressure level reduction, (baseline

inlet sound pressure level) - (scoop
inlet sound pressure level) at same con-—
ditions of free stream velocity, angle
of attack and throat Mach number

A max maximum diffuser wall angle, deg
V] inlet circumferential position, deg

Subscripts:

av average

c centerbody

d diffuser

e diffuser exit

he highlight

max maximum

sep flow separation

t throat

0 free stream conditions

1 diffuser exit conditions
Apparatus

Installation

The tests were conducted in the Lewis 2,74~
by 4.58-meter Anechoic Wind Tunnel Facility.5 The
installation is shown in figure 2. A vacuun sys—
tem was used in place of a fan or compressor to
induce inlet flow. Inlet angle of attack was re-
motely varied by a turntable on which the test
apparatus was mounted. To determine the acoustic
properties of the test inlets using the vacuum
flow system, a siren was installed in the flow duct
dowvmstream of the inlet. The siren was a 13.97-
centimeter-diameter single stage fan modified by
the addition of struts and a screen just upstream
of the rotor to increase 1ts noise level. The
siren was located approximately three inlet diame-
ters downstream of the simulator face (fig. 2).

Directional noise measurements were made by
use of a microphone located 1.22 meters in front
of the inlet face as shown schematically in fig-
ure 2. The microphone was remotely rotated about
a pivot point at the inlet face allowing noise
data to be taken in the flyover plane at various
angles relative to the inlet centerline. The

anechoic character of the wind tunnel along with
more detalls of the acoustic measurement system
are described in references 6 to 8.

Inlet Design

The major variables defining the geometry of
the baseline (symmetric) inlet and the scoop inlet
are shown in figure 3. Both inlets have a diffuser-
ex!t-diameter, Dg, of 30.48 centimeters with a one-
dime. sional design throat Mach number of 0.63. The
main difference between the two inlets, of course,
is that the inlet length, L, is dependent on cir-
cumferential location, ¥, for the scoop inlet and
constant for the baseline inlet. Note that from
circumferential angles of 113.6° to 246.4°, the
scoop inlet length is constant and equal to that of
the baseline inlet (L/De = 0,716). As the lower
1ip of the scoop is approached the length grows,
through a lengthening of the inlet throat section,
to a maximum value of L/D, = 1.295.

The internal lip design is a 2-to-l ellipse
with a relatively high area contraction ratio,
(Dhl/Dt)z’ of 1.44 ta prevent internal flow separa-
tion at the relat:v..ly high angles of attack en-
countered in = Z:UL (short takeoff and landing)
aircraft application. The external forebody design
was selected for a cruise Mach number of 0.76 using
design charts for symmetric inlets. This design
would be expected to work quite well at cruise with
the symmetric baseline inlet. However, the scoop
inlet, with its asymmetric spillage properties at
cruise, may require a different external forebody
desdign.

Instrumentation and Data Reduction

Aerodynamic

Inlet aerodynamic performance was evaluated
through use of static pressure taps on the inlet
surfaces and total pressure rakes located at the
inlet diffuser exit. A total of 85 internal sur-
face static pressure measurements were made with
the scoop inlet and 69 with the baseline inlet.
Diffuser exit total pressure measurements were
made using both hub and tip boundary layer rakes
as well as rakes spanning the entire annulus.

Eight full-span total pressure rakes (equally
spaced circumferentially) were used with six equal-
area-welghted tubes per rake. The 16 boundary
layer rakes (eight at the hub and eight at the tip)
each contained five total pressure tubes.

Inlet total pressure recovery, Pl,av/PO’ was
computed using all measured total pressures, in-
cluding boundary layer rakes, with the appropriate
area weighting terms. However, in computing inlet
total pressure distortion, DMAX, boundary layer
measurements taken closer to the wall than the
nearest tube on the six element equal-area-
weighted rakes were omitted. Inlet one-dimensional
throat Mach number, My, was computed using the in-
let weight flow measured by a venturi located
downstream in the flow duct and the geometric
throat area assuming uniform flow.

Acoustic Data
Directional noise measurements were made by

use of a microphone located 1.22 meters in front
of the inlet face. The microphone was remctely



rotated about a pivot point at the inlet face allow~
ing noise data to be taken in the flyover plane at
various angles relative to the inlet centerline.

An online graphic display of noise levels provided
a continuous trace of one-third-octave sound pres—
sure level versus microphone orientation angle, B8,
as the microphone rotated. Any one~thilrd-octave
band could be selected for the trace. In additdom,
the microphone was positioned at fixed values of 8
where magnetic tape data were recorded for later
one-third-octave spectral analysis. A complete
description of the noise data ecquisition system in
the Lewls Anechoic Wind Tunnel can be found in ref-
erence 8.

Procedure

Aerodynamic and acoustic testing were done
separately. During the aerodynamic tests, the
noise siren was not used. During the acoustic
tests, the iInlet weight flow was set at the desired
value, the siren speed was adjusted to set the
blade passing frequency at the desired value and
the acoustic data were taken.

Results and Discussion

Aerodynamic Performance

The basic aerodynamic performance of the scoop
and baseline inlets is shown in figure 4 in terms
of total pressure recovery and distortion versus
throat Mach number. In figure 4(a), static perfor~
mance is shown and indicates lower recoveries and
higher distortions for the scocp inlet as compared
to the baseline inlet over the entire range of
throat Mach number. At the design throat Mach num-
ber of 0.63, the recovery and distortion are 0.985
and 0.15 for the scoop inlet and 0.993 and 0.025
for the baseline inlet. The reason for the lower
level of aerodynamic performance for the scoop in—
let will become apparent in a later discussion of
the inlet surface statie pressure distributions.

At a free stream velocity of 41 meters per
second and 09 angle of attack (fig. 4(b)), the
aerodynamic performance of the scoop inlet has im~
preved considerably over that at static conditions
although it is still slightly lower than the base-
1ine inlet. For example, at a throat Mach number
of 0.63, the recovery and distortion are 0.992 and
0.045 for the secoop inlet and 0.994 and 0.006 for
the baseline inlet. Reasons for this improved per~
formance will again become apparent in a later more
detailed discussion.

Figure 4(b) also shows inlet performauce at .an
angle of attack of 50°. (An angle of attack con-~
sidered to be the maximum value encountered by an
inlet in a STOL aircraft installation.) The rela-
tive ranking of the inlets remains the same. At
the design throat Mach number of 0.63, the scoop
inlet recovery is 0.989 and the distortion is 0.15.
The values for the baseline inlet are 0.993 and
0.04, respectively.

The circumferential variations of surface
static pressure at the inlet highlight for both the
scoop and baseline inlets are shown in figure 5.

At static conditions (fig. 5(a)), the relatively
flat distribution of static pressure for the base-
line inlet indicates the inflows to this inlet is
circumferentially uniform. The static pressure

distribution for the scoop inlet, however, indi-
cates low highlight static pressure (high surface
velocities) over the upper half of the inlet

(¢ > 90°) and high static pressures (low surface
velocities) over the lower half of the inlet (Y »
90°). This distribution is a result of more of the
scoop inlet airflow coming in from above than below.
The high surface velocities over the upper portion
of the scoop inlet account for the lower recovery
and higher distortion of the scoop at static condi~
tions. A detailed examination of the distribution
of total pressure at the inlet diffuser exit con—
firmed that the scoop total pressure losses at
static conditions occurred in the upper half of the
inlet duct near the outer wall.

At a free stream velocity of 41 meters per
second and an angle of attack of 0° (€ig. 5(b)),
the circumferential distribution of highlight
static pressure for the baseline inlet remains flat
indicating the inlet inflow remains circumferenti~
ally uniform. TFor the scoop inlet the circumferen—
tial distribution of highlight static pressure has
the same character as it did at statiec conditions,
however, the total amount of variation is not as
great. The introduction of free stream velocity
has led to lower surface velocities on the upper
portion of the inlet and just slightly higher sur-
face velocities on the lower portion indicating a
more circumferentially uniform inflow than at static
conditions. This xeduction in surface velocity over
the upper portion of the scoop accounts for the im-
proved levels of recovery and distortion with for-—
ward veloclty shown in figure 4(b).

Increasing angle of attack to 50° (fig. 5(c)),
results in a large decrease in surface static pres—
sure (increase in surface velocity) on the lower
1ip (P = 0°) of the baseline inlet while the lower
1ip of the scoop inlet has very modest surface ve-~
locities. It appears that the ¢ = 100° position
(near the "corner” in the side profile) is the more
critical region in terms of high surface velocities
with the scoop inlet as angle of attack is in-
creased. A detailed examination of the distribution
of total pressure at the diffuser exit indicates
that the total pressure losses encountered with the
scoop at an angle of attack of 50° are concentrated
near the ¢ = 110° circumferential position. The
nature of the distribution also suggests that the
indicated low values of total pressure may be the
result of vortices being formed in the "corners" of
the scoop side profile and propagating back to the
diffuser exit. It is possible that a modification
of the side contour (to decrease the sharpness of
the '"corner") may eliminate or reduce the strength
of these vortices and improve the inlet aerodynamic
performance accordingly.

At angle of attack, the lower surface veloc-
ities on the lower lip of the scoop inlet compared
to the baseline inlet result in a higher attainable
angle of attack for the scoop before inlet flow
separation is encountered. This is 1llustrated in
figure 6 where the angle of attack where flow sepa-
ration occurred is plotted versus throat Mach num—
ber for both inlets at a free stream velocity of
41 meters per second. Below the curves the flow is
attached and ahove it is separated. The data indi-
cate that the separation bound for the scoop inlet
is from 79 to 15° higher than the baseline finlet
over the range in throat Mach number. At the de-
sign throat Mach number of 0.63, the flow separation



angle for the baseline inlet is 71° and for the
scoop inlet is 84°.

To reiterate, the higher flow separation an-
gles attainable with the scoop inlet are a result
of the natural tendency of the incoming f£low to be
drawn in from above, thus reducing the surface ve-
locities on the critical lower lip. And again, the
critical region with this particular scoop inlet
may be the side "corner' which if made less severe,
could result in even higher flow separation angles.

The diffuser exit total pressure contours for

the scoop inlet in a 90°, 18-meter-per-second (35-
knot) crosswind is shown in figure 7 at the design
throat Mach number of 0.63. The results are similar
over the full throat Mach number range., The figure
indicates a poor level of performance of the scoop
in a 90° crosswind. The initial suspicion might be
that the flow has separated from the side of the
inlet. However, an examination of the axial dis-
tribution of surface static pressure at circumfer—
ential positions of 0°, 45°, 60°, 90°, and 100°,
does not indicate the presence of any flow separa-
tion. It is likely that a vortex has formed in the

. "corner" of the side profile which is resulting in
the indicated low total pressures due to excessive
flow angularity into the total pressure probes. A
modified side contour may eliminate or reduce the
strength of this vortex.

Acoustic Performance

Shown in figure 8 are typical on-line direc-
tional noise traces obtained by rotating the micro-
phone through an orientation angle, B, from -110°
to +110°, (Negative angles are below the inlets,
positive angles above.) Traces are shown for the
scoop and baseline inlets at a free stream velocity
of 41 meters per second at an angle of attack of 0°
and at the design throat Mach nuimber of 0.63. The
siren speed was adjusted so that the blade passing
frequency was at 9600 Hz. The acoustic traces for
the two inlets represent the sound pressure level
in the B8000-Hz center frequency one-third-octave
band. A third trace, at the same frequency, is
shown in the figure and represents the background
level in the anechoic wind tunnel obtained at a
free stream velocity of 41 meters per second with
the siren turned off and no flow through the inlet.

A comparison of the noilse levels for the base-
line inlet and the scoop inlet in figure 8 indi-
cates that the scoop inlet is providing a reduction
in the noise that would normally propagate toward
the ground (negative values of B). The amount of
noise reduction relative to the baseline inlet,
designated as ASPL  in the figure, is a maximum of
about 15 dB at a microphone orientation angle of
-80°. and still about 5 dB along the inlet center-
line (B = 0°). Even for positive values of 8
(above the inlet) the sound pressure level of the
scoop inlet is lower than that of the baseline.
This somewhat surprising effect at positive B is
probably the result of high flow Mach number sup-
pression in the upper portion of the inlet duct due
to the incoming flow asymmetry. (Refer to the dis-
cussion of fig. 5.) A detailed discussion of the
high Mach number suppression principle can be found
in referernce 3.

Traces like those shown in figure 8 were also
taken in the 10 000 Hz one-third-octave band con-

taining the siren blade passing tone. The conclu-
clusions that were made regarding the 8000 Hz data
also apply to the 10 000 Hz data. The traces taken
in the 10 000 Hz one~third-octave band, however,
generally had a wider variation in sound pressure
level at a given microphone orientation angle than
the 8000 Hz data, suggesting a time unsteadiness in
the siren blade passing tone.

Figure 9 shows the entire one-third-octave
spectra for the scoop inlet, baseline inlet and
background noige at a fixed microphone orientation
of ~60°. All the test conditions are identical to
those in figure 8. The spectra indicate that the
scoop inlet is providing a substantial level of
nolse reduction, ASPL, over the range of frequency
where the bacxground noise level is not an inter-
fering factor (greater than about 2000 Hz). Noise
reduction values range from 8 dB at 2000 Hz to
12.5 dB at 20 000 Hz,

Figure 10 shows the effect of inlet throat
Mach number on the noise reduction, ASPL, of the
scoop inlet as a function of microphone orientation
angle at a free stream velocity of 41 meters per
second and an angle of attack of 0°. The value of
ASPL at each microphone orientation angle was ob-
tained by subtracting the noise level of the scoop
inlet from that of the baseline inlet with both in-
lets operating at the exact same conditlions of free
stream velocity, throat Mach number, angle of attack
and siren speed. The data indicate that over the
range in throat Mach number from 0.31 to 0.70, the
scoop inlet effectively provides nolse reduction
below the inlet with maximum noise reductions on the
order of 15 dB. No systematic effect of throat Mach
number is apparent below the inlet (negative Bg),
however, there is a systematic increase in noise
reduction above the inlet with increasing Mach num-
ber. This again is a result of thes progressive ef-
fect of increasing high Mach number suppression oc—
curring in the upper portion of the scoop inlet due
to the flow asymmetry in the inlet duct.

The effect of angle of attack on the noise re-
duction directivity of the scoop inlet is shown in
figure 11 for angles of attack of 0°, 15°, and 30°
at a free stream velosity of 41 meters per second
and the design throat Mach number of 0.63. The
data for angles of attack of 0° and 15° are very
nearly the same. At a 30° angle of attack, there
appears to be a slight decrease in the amount of
noise reduction provided by the scoop inlet over
the full range of microphone orientation angle.
However, it is at most a 4~dB loss in noise redue-
tion, relative to the 0° angle of attack data at a
microphone orientation angle of -90°, and more
typically on the order of 1 to 2 dB over most of
the range of microphone orientation angle.

Crulse Performance

The inlet external flow fields at cruise for
both the baseline and scoop inlets are shown in
figure 12 at a free stream Mach number of 0.75, the
design throat Mach number of 0.63 and an angle of
attack of 0°. The results were obtained from a
two-dimensional, incompressible potential flow
analysis using the method of reference 9, The fig-
ure indicates the size and location of the capture
streamtube - the streamtube of air that actually
goes in the inlet. Alsoc shown is the size and lo-
cation of the spillage airflow — that airflow which



must eventually pass around the inlet. Note that
for the baseline inlet (fig. 12(a)), the capture
streamtube is syumetric about the inlet centerline
and equal amounts of air must be spilled over the
upper and lower external forebody. An external
forebody shaped to efficiently turn the spillage
flow around the inlet for this type of flowfield
would be designed using design charts like those
reported in reference 10. With the scoop inlet,
however, the capture streamtube is not centered on
the inlet centerline but is displaced downward to-
ward the lower lip. This results from the differ-
ence in length between the upper and lower lips.
The free stream flow is not aware of the presence
of the upper lip as soon as the lower lip, hence
less flow ds spillled over the lower lip than would
normally spill for a symmetric inlet, leaving more
flow to be spilled over the upper lip. In particu-
lar for this case; 40 percent of the spillage flow
is over the lower 1ip and 60 percent over the upper
lip. Hence, the geometric design of the external
forebody for a scoop inlet may have to vary circum-
ferentially in order to maintain attached, shock-
free flow around the inlet. In this case, use may
still be made of the external forebody design
charts developed for symmetric inlets, with some
change in interpretation.

Summary of Results

Wind tunnel tests were conducted to determine
the aerodynamic and acoustic performance of a scoop
inlet. Compared with an axisymmetric baseline in-
let, the scoop inlet generated higher velocities in
the vicinity of the upper lip and lower velocities
about the lower lip. This accounts for most of the
following results.

1. At statdc conditioms the recovery was lower
and distortion higher for the scoop inlet when com—
pared with the baseline inlet. This resulted from
higher total pressure losses in the upper portion
of the scoop fnlet duct due to the high upper 1ip
surface velocitles. Free stream velocity improved
the scoop inlet performance considerably bringing
1t nearly to the level of the baseline inlet.

2. Increasing angle of attack to 50° at a free
stream velocity of 41 meters per second resulted in
higher total pressure losses for the scoop inlet
with the losses being concentrated downstream of
the "corners' in the scoop side profile. These in-
dicated total pressure losses may be a result of
vortices being formed in the "corners' and propa-
gating back to the diffuser exit. These same re-
sults were apparent with an l8-meter-per-second,
90%-crosswind. An appropriate modification to re-
duce the severeness of the 'corner" may eiiminate
the problem.

3. At a given angle of attack, the relatively
lower surface velocities on the lower 1ip of the
scoop inlet (when compared to the baseline inlet)
resulted in a higher attainable angle of attack be-
fore the internal flow separated. For example, at
a free stream velocity of 41 meters per second, the
flow separation angles for the scoop inlet were as
much as 15° higher than those for the baseline in-
Jlet over the range of throat Mach number.

4. Acoustically, the scoop inlet provided a
maximum noise reduction of from 12 to 15 dB below
the inlet over the entire range of throat Mach num

ber and angle of attack at a free stream velocity
of 41 meters per second. The noise reduction oc-
curred from 2000 to 20 0G0 Hz.

5. Results of a two-dimensional, incompressible
potential flow analysis indicated that at cruise,
the flow spillage about the scoop inlet 15 asymmet—
ric with more flow being spilled over the upper lip
than the lower lip. This may make the aerodynamic
design of the inlet external forebody for efficient
cruise more difficult than for a conventional axi-
symmetric design.
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Figure 7. - Distribution of total pressure at diffuser exit for
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